Introduction
Sarcopenia is defined as the loss of skeletal muscle mass and strength with age1. There is increasing recognition of the serious health consequences of sarcopenia both in terms of disability2, morbidity3 and mortality4, and in terms of significant healthcare costs5. Adult determinants of sarcopenia including age, gender, size, levels of physical activity and heritability have been well described1;6-8. In particular the place of physical activity and resistance exercise training as the most effective intervention to slow loss is widely accepted9;10.
Nevertheless there remains considerable unexplained variation in muscle mass and strength between older individuals which may be partly explained by the observation that muscle mass and strength in later life reflect not only the rate of loss but also the peak attained earlier in life ( Figure 1 ). To date most observational and interventional epidemiological studies have focused on factors modifying decline in later life but this life course model of sarcopenia additionally focuses attention on the determinants of peak muscle mass and strength attained in early adulthood.
Developmental origins of health and disease
Epidemiological research into the developmental origins of health and disease has shown that early environmental influences on growth and development may have long-term consequences for human health11. This phenomenon is called programming, a process whereby a stimulus or insult acting at a critical period of development has lasting or lifelong significance12. Clues to the mechanisms have come from evolutionary biology. Darwin described how animal populations have two adaptation strategies: natural selection based on genetic variation acting over many generations and developmental plasticity acting within the lifetime of an individual.
Developmental plasticity is defined as 'the ability of a single genotype to produce more than one alternative form of structure, physiological state or behaviour in response to environmental conditions'. This enables production of a range of phenotypes that are better suited to their environment than would be possible if the same phenotype were produced regardless of environmental condition13s. These early adaptations in phenotype may not only be in response to the prevailing conditions but involve preparation for the "predicted" postnatal environment. This has been called the predictive adaptive response. When the prediction is correct, the phenotype functions well, however when a mismatch occurs between the predicted and the actual environment, the chosen phenotype may be associated with an increased disease risk over the longer term14.
It is likely that the induction of persistent changes to tissue structure and function by differences in the early life environment involves life-long alterations to the regulation of gene transcription and the mechanisms are being explored15. There is evidence for changes in the epigenetic regulation of transcription, specifically DNA methylation and covalent modification of histones, in the induction of an altered phenotype by nutritional constraint in early life. For example one study showed that feeding a protein restriction diet to rats during pregnancy induced hypomethylation of the peroxisome proliferation-activated receptor alpha (PPARα) and glucocorticoid receptor (GR) gene promoters and increased expression of PPARα and GR in the liver of the offspring16. More recent work has shown that these effects persist into adulthood17.
Developmental plasticity of muscle: animal models
There is good evidence from animal models for developmental plasticity of muscle. A recent study showed that peri-implantation and late gestation maternal undernutrition differentially affected fetal sheep skeletal muscle development18. There was evidence of reduced slowtwitch myofibre and capillary density in the fetal triceps but not the soleus with both forms of undernutrition. This reduction in fibre density was associated with higher insulin receptor, glucose transporter GLUT-4 and type 1 insulin growth factor receptor mRNA levels. It was postulated that these findings were consistent with a redistribution of resources at the expense of specific peripheral tissues by early and late gestation undernutrition which may be mediated by a decrease in capillary density.
Other studies involving experimental manipulation of early nutrition have shown that prenatal maternal diet restriction is associated with reduced neonatal muscle weight in sheep19, and a reduction in postnatal muscle fibre number in the pig20, guinea pig21, and rat22. There is also evidence that these effects persist23;24. This contrasts with the beneficial effects on ageing of dietary restriction instituted later in life25.
Muscle fibre number is a critical determinant of muscle mass and strength and a number of studies have described the regulators of myofibre number, type and size26. Genetic factors appear to be the major influence on primary fibre number whereas environmental factors such as maternal undernutrition have a predominant effect on the growth and development of secondary fibres27. However the concept that there is a fixed number of muscle fibres determined by birth, with subsequent growth only achieved by increase in fibre size, is probably now outdated. Recent evidence suggests that post-mitotic myonuclei lying within mature myofibres might be able to reform myoblasts or stem cells, and there is increasing recognition of the role that satellite cells play in postnatal muscle growth and regeneration28;29.
Developmental influences on human muscle: epidemiological evidence
Evidence for developmental influences on human muscle has come from a series of observational epidemiological studies linking small size at birth, as a marker of adverse early environmental conditions, with reduced adult muscle mass and strength.
Studies of muscle strength
The association between low birth weight and reduced muscle strength was first reported in the Hertfordshire Ageing Study, a birth cohort study of men and women born in Hertfordshire UK between 1920 and 1930 and still living there 60 -70 years later30. They had historical health visitor records of weight at birth and one year and were traced through the National Health Service Central Registry in Southport UK. Following a home interview, 717 people attended a local clinic for measurement of current size and markers of ageing in different body systems including grip strength. Lower birth weight and weight at one year were significantly associated with lower grip strength in later life. These relationships remained significant although attenuated after allowing for adult size suggesting that an adverse early environment may have an effect on muscle quality as well as quantity.
The association between birth weight and adult grip strength has been replicated in a younger Hertfordshire cohort born 1931-193931 (Figure 2 ) and in a national birth cohort of middle-aged men and women born in 1946 and participating in the National Survey of Health and Development32. More recent work has demonstrated a similar effect size of birth weight on adult muscle strength in young women aged 20 -34 years taking part in the Southampton Women's Survey suggesting an association between early size and peak muscle strength rather than decline33. To date, the relationship between birth weight and grip strength been replicated in ten studies summarised in Table 1 .
It has been possible to add to these findings with a more detailed life course approach using longitudinal data collected in the National Survey of Health and Development34. Grip strength and body size were measured in a representative British sample of 1406 men and 1444 women who were 53 years old and had prospective childhood data on weight, height, motor milestones, cognitive ability and information on lifetime social class, current physical activity and health status. Birth weight and pre-pubertal height gain were associated with midlife grip strength, independently of later weight and height gain. Pubertal growth was also independently associated with midlife grip strength; for men weight gain during puberty was beneficial, whereas for women it was height gain. Those participants with earlier infant motor development had better midlife grip strength, which was partly confounded by the growth trajectory. This suggests that components of prenatal, prepubertal, and pubertal growth have long-term effects on midlife grip strength35.
Studies of muscle mass
Studies investigating the relationship between growth in early life and muscle mass have demonstrated consistent findings linking low birth weight with reduced muscle mass. A study of older men participating in the Hertfordshire Cohort Study showed that birth weight was significantly positively associated with fat-free mass but not with measures of adult fat mass. In contrast, weight at one year was associated with fat-free mass and adult fat mass estimated using anthropometry36. Similar findings were observed in studies of men and women using urinary creatinine excretion37 and dual x-ray absorptiometry38 to estimate muscle mass. More recently a study on the Helsinki birth cohort Finland has replicated the relationships between small size at birth, lower muscle mass and reduced grip strength in older people39. Studies of birth weight and muscle mass in earlier stages of life demonstrate similar findings for children40, teenagers41 and young adults42.
Effect size Absolute effect size
We reviewed the published evidence for an association between lower birth weight and reduced grip strength in later life and derived a pooled estimate for the effect of birth weight on grip strength in absolute terms.
Methods used for the review-Relevant independent articles were identified by searching Pubmed, OVID Medline and ISI Web of Knowledge (search terms: birth weight and grip strength, hand grip or hand strength). Data abstraction forms were used to record the location, gender composition, study size, age range, measurement protocols, and the unadjusted relationship between birth weight and grip strength in each study; this information was collated in tabular form. For studies where a regression coefficient for the relationship between birth weight and grip strength was available, Stata 10 was used to: produce a forest plot; test for homogeneity using the Q statistic; estimate the inverse variance weighted fixed effects pooled coefficient for the relationship between birth weight and grip strength; and to assess the influence of individual studies43.
Results of the review-Ten independent articles described the relationship between birth weight and grip strength in later life ( Table 1) . Four of these studied small groups of low birth weight versus normal birth weight individuals and only followed participants to childhood or early adulthood (5, 15, 17 or 23 years of age); all demonstrated lower grip strength amongst lower birth weight individuals. The remaining six studies considered the full range of birth weight among men and women, ranged in size from 316 to 1,562 participants, with follow-up ages ranging from 16 to 73 years of age. Comparable measurement protocols ascertained peak grip strength in each study.
A forest plot (Figure 3) showed remarkable homogeneity of association between birth weight and grip strength (Q-statistic 7.36 on 9df with sub-studies for men and women entered separately in the analysis, p=0.60) with a pooled estimate of a 2.06kg increase in grip strength per kilogram increase in birth weight (95%CI 1.77, 2.35). Effect sizes were homogenous for men and women (p=0.17) and no individual study unduly influenced the pooled estimate. The studies considered different potential confounders so no pooled adjusted estimate of effect size could be obtained; adult size typically attenuated, but did not remove, the birth weight versus grip strength relationship.
Relative effect size
The data from epidemiological studies also allow consideration of the effect of birth weight on grip strength relative to the effect of the other major determinants of strength such as age. For example grip strength increased by 2.42 kg per kilogram of birth weight in men aged 59 -71 years taking part in the Hertfordshire Cohort Study (HCS). This association accounted for 2.2% of the variance in adult grip strength which is comparable to the 3.6% of variance in grip strength explained by age. It is likely that birth weight also contributes to the 16.2% of variance in grip strength accounted for by adult height as there is evidence for tracking of size throughout life32.
Underlying mechanisms
There is considerable interest in which aspects of the early environment underlie these epidemiological associations. Few retrospective cohort studies have sufficiently detailed data on prenatal and postnatal environmental influences to assess specific effects on long term muscle mass and strength but these questions are being addressed in the prospective Southampton Women's Survey44. This study has recruited over 12,500 women living in the city of Southampton and interviewed them to assess health, body composition, lifestyle and diet. They have been followed in subsequent pregnancies and their offspring followed through childhood with the aim of identifying prospectively the influence of the preconceptional and antenatal environment on the growth and development of the fetus, infant and child.
Using data from 448 mother-offspring pairs in this cohort it has been possible to examine parental influences on neonatal body composition ascertained by dual x-ray absorptiometry45. Taller women and those with higher parity had offspring with increased birth weight, fat and lean mass whereas women who smoked during pregnancy had smaller babies, with reduced fat and lean mass. Maternal walking speed was negatively associated with birth weight and fat mass positively predicted neonatal total and proportionate fat but was negatively correlated with proportionate lean mass. Future analyses will focus on the influence of maternal diet on neonatal body composition and childhood grip strength.
Next stage
There has been little work linking early environmental influences with changes in human muscle at a molecular or cellular level. One small study involving 27 adult women looked at the relationship between size at birth and skeletal muscle morphology but did not find significant associations46. In contrast, a more recent study focused on a group of 20 young men and showed altered skeletal muscle fibre composition and size in those with low birth weight47. This work needs to be taken forward with studies of older people designed to elucidate the underlying molecular and cellular mechanisms of developmental influences on sarcopenia48. Meta-analysis of the association between birth weight and grip strength in later life Table 1 Summary of epidemiological studies examining the association between birth weight and grip strength in later life 
